Background: exercise is recognised as a critical regulatory signal to the skeletal system, but which specific aspects of exercise are responsible for influencing bone mass and morphology and resisting fractures remains unknown. Recent data indicate that extremely low-level mechanical signals are anabolic to bone, and thus may be used, non-invasively, as a form of 'passive' exercise to positively influence skeletal status. Objective: to summarise recent experimental studies on the effect of low-level mechanical signals (hypothesised to serve as a surrogate for the spectral content of muscle contractility) as a potential non-pharmacological intervention for osteoporosis. Results: low magnitude mechanical signals are anabolic to bone if applied at a high frequency (15-90 Hz). Long-term animal studies (1 year) show that these low-magnitude mechanical signals can increase cancellous bone volume fraction, trabecular thickness, trabecular number and enhance bone stiffness and strength. Studies in the mouse have shown that these low-level signals will stimulate bone formation rate and labelled surface in cortical and cancellous bone, but the molecular and genetic regulation of this mechanosensitivity is extremely complex. Preliminary studies in children with disabling conditions and post-menopausal women indicate that such signals can be efficacious in reversing and/or preventing bone loss. Conclusions: considering that the strains (deformations) that result from these low-level vibrations are far below (<1/1000th) those which may cause damage to the bone, we believe they represent a unique, non-pharmacological prophylaxis for osteoporosis. Given that so many physiologic systems are tuned to specific frequencies, such as sight, hearing and touch, it should not be entirely surprising that the musculoskeletal system would be responsive to frequency as well.
Background
Osteoporosis, a disease characterised by the progressive loss of bone tissue, is one of the most common complications of ageing [1] . This disease affects over 50% of women in the United States over the age of 65, requiring over $18 billion per year to treat, and annual costs are projected to exceed $250 billion within the next 50 years [2] . To date, prevention of bone loss has been approached principally through pharmacological interventions, the long-term safety of which remains uncertain [3] , and which work by disrupting normal processes of bone remodelling rather than restoring them. Further, such anti-resorptive and anabolic approaches inherently ignore the fact that a significant portion of the skeleton's structural success can be attributed to bone's sensitivity to its mechanical environment, and as such, its 'form follow function' capacity could be leveraged to ensure that sufficient mass is placed to withstand the rigors of functional activity [4] .
By improving our understanding of how mechanical factors can regulate bone mass and morphology, mechanical signals themselves may represent the very essence of a safe, non-invasive, non-pharmacological means to inhibit osteoporosis. In the work described here, we have found that extremely low-level mechanical signals are strongly anabolic to bone and are capable, in both animal and clinical models, of enhancing both bone quantity and quality.
Enhancing bone quantity and quality with low-level mechanical signals
The adaptive response in bone is sensitive only to dynamic (time-varying) strains; static strains are ignored as a relevant source of osteogenic stimuli [5] . This implies that a timevarying component is either directly (e.g. piezoelectric) or indirectly (e.g. fluid flow) responsible for influencing cell activity, and that magnitude of the stimulus may not be the dominant determinant of response. Further, the osteogenic potential of mechanical signals is defined by a strong interdependence between cycle number, strain magnitude and frequency. In cortical bone, 2000 microstrain (0.2% strain)
Potential of low-level mechanical signals to treat osteoporosis ii33 induced at 0.5 Hz (one cycle every 2 s) maintains bone mass and achieves this with just four cycles of loading encompassing 8 s per day [6] . Such magnitudes are similar to the peak strains that are generated during vigorous activity in a variety of animals [7] .
Providing the first evidence of the interrelationship of load magnitude, cycle number and strain frequency, reducing the magnitude to 1000 microstrain (με) at 1 Hz in turn increases the number of loading events required to maintain bone mass to 100 cycles [8] . Raising the loading frequency to 3 Hz, bone mass can be retained with 1800 cycles (600 s of load) with peak-induced strains of only 800 με [9] . With the same 600 s per day loading regimen, only 200 με is necessary to maintain cortical bone mass if the strain is applied at 30 Hz, a protocol employing 18,000 cycles of loading. When these 30 Hz mechanical signals are induced for 1 h per day (108,000 cycles), only 70 με is necessary to inhibit bone loss. A synthesis of these data demonstrates that the sensitivity of bone to mechanical loading goes up quickly with frequency, and thus much lower strains are necessary to maintain bone mass. It is predicted that the strain magnitudes required for maintaining bone mass are even much lower than 70 microstrain if the loading frequency is increased. Thus, extremely low-level magnitudes, far below those which might cause damage to bone, can be used to augment the skeleton if delivered at a suitably high frequency.
The challenge becomes identifying a means to get these signals to the skeleton non-invasively, something that can be achieved through foot-based whole body vibration [10] , which can efficiently transmit vibration through to the axial skeleton, at least through 50 Hz [11] . To determine whether long-term (12 months) signals could improve the structural status of the bone, 18 adult female sheep, 5-7 years of age, were randomised into two groups-experimental and untreated controls; for 20 min/day, 5 day/week, the experimental sheep stood constrained in a chute such that only the hind limbs were subject to a vertical ground-based vibration, delivered through a gently oscillating plate, vibrating at 30 Hz, to create peak-peak accelerations of 0.3 g [12] . These accelerations generated peak strains on the diaphyseal shaft of the tibia of less than 10 microstrain, or ×300 less than the peak strains generated during intense activity.
Using quantitative computer tomography (QCT) to selectively evaluate cortical and cancellous bone at the lesser trochanter of the femur, a 34.2% increase in trabecular density was observed in mechanically stimulated sheep (Figure 1 ; P<0.01). Bone histomorphometry demonstrated substantial increases in trabecular bone volume and trabecular number and sharp decreases in trabecular spacing [13] . Microcomputed tomography was used to model morphologic parameters of 1-cm cubes of trabecular bone harvested from the medial condyle of the femur [14] . Trabecular Bone Pattern factor, an index of connectivity, decreased 24.2% in the animals subject to the non-invasive stimulus (P<0.03), demonstrating an increase in connectivity and thus an improvement in the quality of bone.
To examine whether these low-level mechanical signals influenced the structural properties of the trabeculae, we performed mechanical testing on the bone cubes [14] . Stiffness in the longitudinal direction, at 410 MPa in the control animals, was 12.3% greater in the experimental animals (461 MPa; P<0.04). In the M-L direction, there was a 6.1% increase, but it was not significant (P = 0.22), neither was a 2% drop in stiffness in the A-P direction (P = 0.39). Strength to failure, measured only in the longitudinal direction, was 26.7% greater in the experimental animals (P<0.05). Computational modelling of the cancellous remodelling indicated that the adaptations were sufficient to reduce the apparent strain within each trabecular strut [15] . 
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The long-term protocols on sheep indicate the anabolic nature of the low-level mechanical signal. To determine whether these signals also held anti-resorptive potential, the tail-suspension model of disuse osteopaenia was used with adult, female Sprague-Dawley rats to examine whether the resorptive remodelling, as stimulated by disuse, could be suppressed with brief exposure to the oscillating plate [16] . A single-element strain gage, attached longitudinally to the tibial diaphysis of rats, used for calibration showed that, similar to the sheep studies described above, the mechanical intervention, at 0.3 g, generated strains <5 με at 45 Hz, fully three orders of magnitude below peak strains generated during vigorous physical activity [17] .
Following 28 days of tail suspension, as compared with long-term controls, the tibiae from tail-suspended animals caused bone formation rate per bone volume (BFR/BV) to drop by 92% (P<0.05). The suppression of formation was not significantly different from the animals subject to disuse for most of the day (23 h, 50 m) and then allowed to freely bear weight for 10 min per day (−61%, P<0.05). However, 10 min/day of weight bearing on an active vibration platform normalised BFRs to normal weight-bearing levels at vibration frequencies of both 45 Hz (−6%, P>0.05) and 90 Hz (−7%, P>0.05).
Transducing a low-level mechanical signal into an anabolic response
As the anabolic and anti-resorptive potential of low-level mechanical signals becomes apparent, it is important to consider the physiologic relevance of these extremely small deformations. In addition to the large strains typically associated with intense activity [7] , smaller magnitude strain signals are evident in bone, to a large extent arising from the spectral content of muscle contractility [18] . These small strains persist over long durations, including passive actions such as standing, and therefore represent a dominant component of the bone's functional strain history.
Similar to disuse, the ageing process invariably involves muscle wasting, or sarcopaenia [19] , and we have hypothesised that the reduction in muscle activity, particularly in regard to the spectral content of muscle contractility, removes a key regulatory signal to bone and thus contributes to bone erosion [20] . Thus, even though the applied vibration signal is low relative to peak strain events, when compared with the signals normally experienced at this frequency, they are quite large. Considering how such a small signal could be transduced to a biologic response, the high dependence of fluid flow on frequency would indicate that these signals could have a disproportionate influence on perfusion of tissues, enhancing movement of nutrients and promoting streaming currents [21] . Even when the physical signal reaches a cell, its influence on transcriptional activity is extremely complex, down-regulating genes involved in bone resorption and up-regulating genes involved in bone formation, but in a manner that emphasises a sophisticated temporal and spatial control of the proteins [22] .
It is important to point out, however, that other factors contribute to bone's sensitivity to mechanical signals. For example, recent evidence in mice shows that some inbred mouse strains are more responsive to mechanical intervention than others [23] , not only emphasising the role of the genome in defining bone plasticity, but perhaps explaining why some human populations are at greater risk of osteoporosis, and why exercise is more effective in some groups than others.
Can low-level mechanical signals be effective in the clinic?
Mechanical signals in the form of vibration, if kept at extremely low levels (well below 0.5 g), are simple and safe to impose into the skeletal system. Considering the inherent complications of drug-based interventions to curb osteoporosis, there is clearly some potential to develop a nonpharmacological approach to the prevention of bone loss. In a prospective, randomised, placebo-controlled study, 70 women, 3-8 years past the menopause, were randomly assigned to either an experimental or a placebo group [24] . After 12 months, using linear regression of the means on bone mineral density (BMD) in the placebo group, normalised to body weight, showed a 3.3% loss (±0.83%) in the lumbar spine along with a 2.9% (±1.2%) loss of BMD in the trochanter region of the femur. In the experimental group, loss of BMD in the spine was inhibited to -0.8% (±0.82%), a 2.5% benefit of treatment (P<0.04). In the trochanter of the experimental group, a gain of 0.4% (±1.2%) was measured over the course of the year, a 3.5% benefit of treatment (P<0.02). No differences were measured at the radius between the placebo and the experimental groups. Focusing on the lighter weight (<65 kg) women, as a known risk factor for osteoporosis, and who were compliant (compliance =60%), the benefits of therapy become significant (P = 0.03) for the total spine with a 3% positive difference and demonstrate a net positive difference of >2% positive difference at the femoral neck and trochanter (Figure 2) .
Osteoporosis is also an important problem in young children with conditions such as cerebral palsy, a condition certainly exacerbated by diminished locomotor function.
To examine the ability of low-level mechanical signals to provide a surrogate for the diminished muscular activity and thus restore bone loss in such children, a heterogeneous group of 20 pre-and post-pubertal ambulant children with disabling conditions [14 males, 6 females; mean (SD) age 9.1 (4.3), range 4-19 years] was randomised to standing on active (n = 10; 0.3 g at 90 Hz) or placebo (n = 10) devices for 10 min per day, 5 days per week, for 6 months [25] . Pre-and post-trial proximal tibial and spinal (L2) volumetric trabecular bone mineral density (vTBMD; in units of mg/ml) was measured by three-dimensional QCT.
Over the 6-month trial, the mean change in tibial vTBMD in children who stood on active devices was 6.27 mg/ml (+6.3%) whilst in children who stood on placebo devices vTBMD decreased by -9.45 mg/ml (-11.9%; Figure 3 ). Thus
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the net benefit of treatment was +15.72 mg/ml (17.7%) (95% CI = 6.57, 24.87; P = 0.0033). At the spinal site, the net benefit of treatment, as compared with placebo, was +6.72 mg/ml, (95% CI = -2.60, 16.05; P = 0.14). Compliance was 44% of the 10 min per day period (4.4 min per day), thus implying that the anabolic response could be achieved with very short duration stimuli-a phenomenon also observed in animal experiments [6] .
This randomised, double blind, placebo-controlled trial indicates that low-level mechanical signals are anabolic to trabecular bone in humans, perhaps by providing a surrogate for suppressed muscular activity in the disabled. The treatment could potentially offer a non-invasive, nonpharmacological and safe approach to improving trabecular vBMD in the limbs of children with disabling conditions.
Summary
As with any intervention, the use of low-level mechanical signals must be approached with caution. More specifically, vibration is most-often associated with the musculoskeletal system as a pathogen [26] , primarily in the cause of low back pain. Such concern surrounds vibration that there are international safety standards that define thresholds for human tolerance [27] . At 30 Hz, 0.3 g, such standards indicate that standing humans can safely be exposed for up to 4 h per day. However, when vibration exceeds 1.0 g, duration drops dramatically, and when levels which exceed even 10 g are considered for the treatment of the elderly [28] , not only the potential chronic damage [29] but also the acute damage should be considered [30] . As with any potential therapy, it is essential to consider whether the benefits outweigh the consequences.
Mechanical signals are considered critical to the skeleton, a perspective that is best recognised through the clear benefit of exercise on achieving and retaining bone health. Animal and clinical work presented here indicate that, in addition to large loads that might arise through vigorous activities, extremely low-level mechanical signals are omnipresent in the skeleton's loading history and are anabolic to bone tissue. Considering that these signals are orders of magnitude below those that generate damage to bone, it is possible that they hold great potential for the non-pharmacological prevention and/or treatment of osteoporosis. While these mechanical signals are native to the bone tissue, safe at low intensities and incorporate all aspects of the remodelling cycle [31] , the widespread use of mechanical stimuli in the treatment of skeletal disorders will undoubtedly be delayed until we achieve a better understanding of the mechanisms by which they act. Nevertheless, the osteogenic potential of mechanical stimuli clearly points to their potential as a unique, nondrug intervention for disorders and injuries of the musculoskeletal system. Lighter women (BMI<24) in the placebo group lost on the order of 2.5% bone from the spine over the course of the year. Those thinner women, when exposed to low-level mechanical stimulation, inhibited this loss (P = 0.005). As importantly, women with a BMI<24 lost no bone over the course of the year, and thus it was not possible to demonstrate the efficacy of treatment to inhibit a loss that was not occurring (P = 0.36). Adapted from Rubin et al. [24] . Figure 3 . Over a 6-month period, volumetric trabecular bone mineral density (vTBMD) of the tibia of children with disabling conditions dropped 9% in the placebo group. In contrast, treatment with the low-level mechanical signals increased vTBMD in the tibia of the experimental group by ∼6%. This 17% difference between groups was significant at P = 0.0036. Adapted from Ward et al. [25] . Change in Tibia vTBMD (mg/ml)
Placebo Treatment
• Osteoporosis can be prevented by introduction of lowlevel, high frequency signals.
• These signals may represent a non-pharmacological basis for the preservation of musculoskeletal integrity.
• These stimuli may represent a surrogate to muscle-based signals which decay with ageing.
